Ultracompact waveplates working in subwavelength scale are substantiated in realistic simulation. The optical elements have been designed employing transparent photonic metamaterials of remarkably strong anisotropy. The waveplates are far more efficient at visible wavelengths than usual bulk waveplates and are shown to be compact down to subwavelength dimensions. Similar designs for the telecommunication wavelengths are also presented.
Manipulation of photons in subwavelength range is in rapid progress and is opening the route to photonic integrated circuits. Ultracompact optical elements are required in the circuits. Microcavities and waveguides are extensively studied.
1,2 One of the handy ways to control photonic states is to make use of the polarizations. However, such a ultracompact waveplate ͑UCW͒ that is suitable to the circuits has not been reported so far.
To produce UCWs, two requirements are well known: strong anisotropy and transparency. The media which satisfy the requirements can serve as UCWs. As is widely known, such a strongly anisotropic and transparent material has not been found. Besides, it is preferred that the UCWs are easily designed to be appropriate for a particular wavelength range.
In this letter, we present actual designs for UCWs and numerically show the characteristics. The UCWs are realized by stratified metal-dielectric metamaterials ͑SMDMs͒. It was recently clarified that SMDMs are transparent and remarkably anisotropic media in a wide wavelength range.
3 SMDMs thus satisfy the requirements for UCWs and have been the strong candidates.
The structure of a SMDM is schematically drawn in Fig.  1͑a͒ . It consists of metallic ͑gray͒ and dielectric ͑white͒ layers, which are assumed here to be ideally flat. We concentrate on the case that the incident light normally illuminates on the xy plane.
When the periodicity of the layered medium is fairly shorter than the incident wavelength, the description using effective optical indices has relevant physical meanings.
3 By employing the effective indices, the basic optical characteristics of SMDMs are easily and concisely understood. Although the uniaxial media are very anisotropic in nature, the optical property drastically changes at the effective plasma wavelength p,eff . The p,eff is defined by Re͓ y ͑ p,eff ͔͒ =0, where the y is the y component of effective permittivity of the SMDM.
Let us describe the optical property through a concrete example. Figure 1͑b͒ shows computed reflectance spectra of a SMDM. The SMDM is composed of 30 nm Ag and 120 nm quartz ͑Q͒ layers; we refer the SMDM as ͑Ag30/ Q120͒-SMDM and use similar notations from now on. The solid line in Fig. 1͑b͒ denotes the spectrum under the condition that the electric field of the incident light E in is parallel to the y axis and the dashed line does the spectrum under E in ʈ x. The thickness d of SMDM is assumed, for simplicity, to be thick enough to eliminate transmission. The p,eff is located at 563 nm ͑arrow͒, which was determined from the y extracted by the two-complex reflectivity method. 3 At the wavelength longer than the p,eff , the light of x polarization efficiently propagates into the SMDM and y polarization is highly reflected. In other words, it looks transparent dielectric with the light of x polarization, while it is opaque metal for the y polarization. On the other hand, the reflectance at ഛ p,eff is small for both polarizations. This means that the SMDM is transparent for any polarization. In addition and most importantly, the effective refractive indices n x and n y explicitly extract the strong anisotropy; typically, 0 Ͻ n y Ͻ 1 a͒ Electronic mail: M.Iwanaga@osa.org.
FIG. 1. ͑Color online͒ ͑a͒
Schematic of a SMDM. The gray color denotes metallic layers and the white color dielectric layers. The x axis is set to be perpendicular to the layers and the y axis to be parallel to the layers. More descriptions are given in the text. ͑b͒ Reflectance spectra of ͑Ag30/Q120͒-SMDM under E in ʈ y ͑solid line͒ and E in ʈ x ͑dashed line͒. The thickness is set to be thick enough to eliminate transmission. The arrow indicates the p,eff located at 563 nm.
Ͻ n x ϳ 2. Therefore, the x axis is the slow axis and the y axis is the fast axis because of c / n x Ͻ c Ͻ c / n y ͓see also Fig. 1͑a͔͒ .
In fact, the strong anisotropy similar to the anisotropy at ജ p,eff in SMDMs is well known and has been employed to realize wire-glid polarizers. 4 Today, the polarizers are available as commercial products from microwave to optical wavelengths. The basic notion came from Hertz more than a hundred years ago. The present issue is to clarify another practical potential in the metal-dielectric composite.
The details of numerical calculations were already reported in Ref. 3. Since actual designs are intended in this letter, the permittivity of Ag was taken from literature, 5 that of quartz was set to be 2.132 and that of Si was taken from a handbook. 6 Figure 2 presents the electric field distributions under ͑a͒ E in ʈ x and ͑b͒ E in ʈ y. The incident wavelength is 460.0 nm and travels from the air region of z Ͻ 0. The direction of the z axis is determined by x ϫ ŷ, where x and ŷ are the unit vectors along the x and y axes, respectively. The ͑Ag30/ Q120͒-SMDM ͑z ജ 0͒ is set to be semi-infinitely thick along the z axis because we can omit backward component in the thick enough systems and easily grasp the features of electric fields. In computing the fields, the SMDM is assumed to be infinite along the y axis. The incident region contains both incident and reflected lights; however, a small reflection, which is at most several percents, hardly affects the electric fields of incidence in both ͑a͒ and ͑b͒. In the SMDM, the electromagnetic ͑EM͒ waves in both cases propagate in the dielectric layers of 30Ͻ x − 150k Ͻ 150 nm, where k =0,1, 2,3,.... Moreover, the wavelength in ͑a͒ is obviously shorter than the incident wavelength, whereas that in ͑b͒ is longer. Figure 2͑c͒ shows the z profiles at the middle of a dielectric layer ͑x =90 nm͒; the wavelength in SMDM is 270 nm under the x polarization ͑dashed line͒, while it is 500 nm and longer than the incident wavelength of 460 nm under the y polarization. This situation certainly corresponds to the description using effective refractive indices, that is 0 Ͻ n y Ͻ 1 Ͻ n x , at ഛ p,eff . Figure 3 displays the trajectories of the electric field transmitted through the ͑Ag30/Q120͒-SMDM of thickness d. Each trajectory was evaluated in a cycle; it is shown with dots. Both incident and transmitted regions were assumed to be air. To avoid the spatial modulation of EM fields at the edge of the SMDM, we started to record the trajectories at the point of z = d + 100 nm. The trajectory of d = 0 indicates the 45°-tilted polarization of incident light. The thin SMDM of d = 70 nm makes the incident polarization the elliptic polarization. The direction of rotation is designated by arrows. When the thickness reaches d = 135 nm, the transmitted light becomes clockwise circular polarization because the light propagates to the +z direction. Note that in Fig. 3 , we see the xy plane from the +z position. The SMDM works as a quarter waveplate ͑ / 4 plate͒. With increasing thickness up to d = 282 nm, the polarization of transmitted light is rotated by 90°. An ultracompact half waveplate ͑ / 2 plate͒ is thus obtained. The thickness d is subwavelength such as d = 0.61 in ͑ in is the incident wavelength͒ and is nearly a double thickness of the / 4 plate.
It is practically important whether the UCWs of SM-DMS are low loss. The transmittance of the / 4 plate in Fig.  3 is 96% and that of the / 2 plate is 90%; the UCWs are indeed very low loss. We also note that the reflection loss of the / 4 plate is 0.7% and very small. The waveplates of SMDMs can be tuned to other wavelengths. Table I shows the structures, the minimum thickness to be / 4 or / 2 plates, and the incident wavelengths. The ͑Ag30/Q180͒-SMDM works as an UCW at the wavelength longer than the p,eff of the ͑Ag30/Q120͒-SMDM ͓see Fig.  1͑b͔͒ . As the ratio of dielectric in the SMDM unitcell increases, the p,eff shifts to red; consequently, the working wavelength as an UCW also moves to red. This continuous redshift always enables us to produce an UCW for an arbitrary visible wavelength. The ͑Ag50/Si200͒-SMDM is designed for a telecommunication wavelength of 1500 nm. The dielectric is set to be Si, which can be fabricated to a-fewhundred-nanometer depth in nanometer precision.
7 By the use of Si, the thickness d is reduced further and results in d = 0.23 in for the / 2 plate. Although the metal is set to be Ag here, Al can be used because the permittivity of Al is similar to that of Ag in the wavelength range.
One of the ways to fabricate UCWs is a standard nanofabrication process as follows. A resist film on a wafer or substrate is patterned by electron-beam lithography and then is developed. The wafer or substrate is etched to the designed depth and the trenches are formed in the wafer or substrate. After the metal is deposited, the resist is lifted off together with the deposited metal film, whereas the metal in the trenches remains. The UCWs can thus be produced. The / 2-UCW in Fig. 3 requires the narrow wells with 282 nm depth and 30 nm width in the quartz. The fabrication is a technical issue but is probably within reach.
From the practical viewpoint, it would attract interest to evaluate the optical loss due to the limits of fabrication precision. The fabricated SMDMs are most likely to include the modified metallic layers, as shown in Fig. 4 . As typical cases, we evaluated the modified ͑Ag30/Q120͒-SMDMs. The width of metallic layers at the bottom ͑z = d͒ is narrower by 10% or 20% than that at the top ͑z =0͒. In simulation, the metallic parts were divided into several layers along the z axis. The modified SMDMs turned out to serve as UCWs even under 20% reduction at the bottom. It was also found that the slight adjustment of the thickness is inevitable; the thickness for a / 2 plate is d = 304 nm in the 20% reduced SMDM and it is 282 nm in the ideal SMDM, as listed in Table I . Besides, we note that the transmittance is 87% in the 20% reduced SMDM and the optical loss in the modified structures is quite suppressed. It has thus been confirmed that SMDMs are quite robust in structural modifications and strong candidates for UCWs.
In conclusion, UCWs have been designed based on the effective refractive indices. Indeed, it has been numerically shown that SMDMs serve as / 4 and / 2 plates in subwavelength thickness at visible and telecommunication wavelengths. The notion of effective indices is thus useful in subwavelength optics and will enable to conceive novel optical elements composed of metamaterials. In addition, it has been shown that the UCWs of SMDMs are robust in structural modifications.
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